Background: Chest radiographs (CXR) are the most commonly used imaging techniques by various clinicians and radiologists. However, detecting lung lesions on CXR depends largely on the reader's experience level, so there have been several trials to overcome this problem using post-processing of CXR. We investigated the added value of bone suppression image (BSI) in detecting various subtle lung lesions on CXR with regard to reader's expertise. Methods: We applied a software program to generate BSI in 1,600 patients in the emergency department. Of them, 80 patients with subtle lung lesions and 80 patients with negative finding on CXR were retrospectively selected based on the subtlety scores on CXR and CT findings. Ten readers independently rated their confidence in deciding the presence or absence of a lung lesion at each of 960 lung regions on the two separated imaging sessions: CXR alone vs. CXR with BSI. Results: The additional use of BSI for all readers significantly increased the mean area under the curve (AUC) in detecting subtle lung lesions (0.663 vs. 0.706; P < 0.001). The less experienced readers were, the more AUC differences increased: 0.067 (P < 0.001) for junior radiology residents; 0.064 (P < 0.001) for non-radiology clinicians; 0.044 (P < 0.001) for senior radiology residents; and 0.019 (P = 0.041) for chest radiologists. The additional use of BSI significantly increased the mean confidence regarding the presence or absence of lung lesions for 213 positive lung regions (2.083 vs. 2.357; P < 0.001) and for 747 negative regions (1.217 vs. 1.195; P = 0.008). Conclusion: The use of BSI increases diagnostic performance and confidence, regardless of reader's expertise, reduces the impact of reader's expertise and can be helpful for less experienced clinicians and residents in the detection of subtle lung lesions.
INTRODUCTION
Chest radiographs (CXR) are a screening tool for initial surveillance in most cases in the emergency department (ED) and allows for rapid triage in emergency patients. CXR can be also a criterion for determining whether to perform advanced imaging workup and bedside ultrasonography to rapidly identify patients who should start treatment in the ED. 1, 2 However, this screening tool may not always be accurate enough, especially in detecting subtle lung lesions in the early stage of diseases such as pneumonia, small lung cancer, or metastasis, because these diseases usually have low contrast and overlying vascular and bony structures can obscure the subtle lung lesions in CXR. 3 -8 As a result, normal-looking CXR can delay diagnosis of early stage lung disease in the ED. One previous study suggested that CXR misses nearly half of early stage pneumonia cases associated with influenza. 9 The experience level of clinicians and radiologists also has a great impact on the diagnostic performance of CXR. 10, 11 In one prospective multicenter study in patients with suspected communityacquired pneumonia, inter-reader agreement in diagnosing community-acquired pneumonia was only fair to good for experienced radiologists, and poor to fair for inexperienced radiologists and residents. 4,12
To address these limitations, several techniques such as bone suppression imaging, temporal subtraction techniques, chest tomosynthesis and computer-aided detection have been studied especially for the detection of small lung nodules on chest radiographs. 13 -20 Among them, bone suppression image (BSI) has been generated by the dual-energy subtraction (DES) techniques and post-processing soft programs based on machine learning. In recent years, software programs using machine learning have successfully generated bone suppression images. 18,19,21 -25 BSI has demonstrated the improved diagnostic performance in detecting focal pneumonia and small lung cancer in the previous studies. 15,16,23, 26 One previous study showed that BSI made by dual-energy X-ray equipment can reduce the impact of the reader's expertise in detection of pneumothorax. 27 In the present study, BSI software from Samsung Electronics (Seoul, Korea) was developed using deep learning; we investigated the added value of BSI in the detection of several subtle lung lesions on CXR that can be frequently seen in the emergency department, regardless of reader's expertise.
METHODS
This was retrospective case-control study for emergency patients with subtle lung lesions with early stage of the disease.
Patients
A retrospective review of our institution's database identified 1,600 patients who underwent CXR and Chest computed tomography (CT) within 3 days in the emergency department between October 2016 and March 2017. Based on the Chest CT, 1,291 patients with positive lung lesions were identified. With the reference to CT, two board-certified radiologists, who did not participate in the diagnostic performance study, determined the presence of lung lesions on CXR and rated subtlety of positive lung lesions in consensus on CXR using 6-point scales from no abnormality to vary obvious ( Table 1) . Of 1,291 patients with positive lung lesions, 80 patients who met inclusion criteria were finally enrolled in the present study. The inclusion criteria were: 1) adults over 19 years of age; and 2) patients with early stage of lung disease with a subtlety rating from 1 to 3 on CXR in positive cases. Of 309 patients with negative findings, 80 patients were randomly selected for the control group after agematching with patients with a positive lung lesion. If exact age-matched patients did not exist, the patients with the smallest age differences were randomly selected.
The definition of early stage disease was based on the assumption that the earlier stage the lung lesions are, the less density and smaller size the lung lesion has on chest radiographs. Therefore, the early stage disease was defined as a lung lesion with a subtlety rating from 1 to 3. For example, early stage pneumonia was defined as infectious community-acquired pneumonia with a subtlety rating from 1 to 3 on chest radiograph, which was characterized by the predominance of peribronchial nodules, ground glass opacities, and/or patchy consolidation on chest CT. The nodular lung cancer was defined as a solitary nodule less than or equal to 3 cm in diameter on chest radiograph, which was a discrete, well-marginated nodule with morphological features of lung cancer (i.e., non-calcification, irregular edges, speculated shape, lobulation and/or notching) on chest CT.
Imaging protocol and generation of bone suppression images
All standard CXRs were performed using a Samsung digital radiography (DR) system (GC85A) (Samsung Electronics; Seoul, Korea) at 120 kVp and 1-2 mAs with individualized automatic exposure control. BSI were generated by Bone Suppression™ software (version 1.02) of the Samsung DR system. This software uses a trained convolutional neural network model to predict bone structures (e.g., ribs and clavicles) on posteroanterior CXRs. The predicted bone structure was then used to construct bone suppression images. This software program was trained with tens of thousands of clinical data of small patch form including normal and abnormal conditions. In this convolutional neural network model, clavicle and rib with anatomical differences were trained separately to improve the ability of deep learning algorithm to recognize and select bony structure on CXR. The sparse kernel method was used to speed up by removing redundant computation during the convolution and pooling operation. Samsung Electronics provided the software, but they did not have any influence over the image selection and observer study design.
Image analysis
All images were reviewed using a local picture archiving and communication system (PACS) monitor and digital imaging and communications in medicine image-viewing software (PetaVision; Asan Medical Center, Seoul, Korea). Two board-certified radiologists rated subtlety of positive lung lesions in consensus on CXR using 6-point scales from no abnormality to vary obvious ( Table 1) . Even if positive lung lesions, such as ground-glass opacity nodules, were present on chest CT, they were rated a subtlety score of 0 and excluded from the study if no lesion could be found on CXR by two board-certified radiologists.
Ten readers (three board-certified chest radiologists, two board-certified non-radiology clinicians, three senior radiology residents and two junior radiology residents), who were blind to the patient diagnoses and clinical information, independently evaluated 160 cases in a visual manner in two separated reading sessions with a two-week interval in order to avoid recall bias. In each reading session, all 160 cases were randomly re-ordered. Lung 3/14 https://jkms.org https://doi.org/10.3346/jkms.2019.34.e250 Normal chest radiographs despite the presence of lung lesions on chest computed tomography 1
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Lesion size ≤ 1 cm and/or its density < adjacent vascular structures 2 1 cm < lesion size ≤ 2 cm and/or its density similar to adjacent vascular structures 3 2 cm < lesion size ≤ 3 cm and/or its density similar to main pulmonary artery 4
Lesion size > 3 cm and/or its density > main pulmonary artery 5
Space occupying lesions replacing one lung field (i.e., huge mass, consolidation or large amount of pleural effusion) on chest radiographs field of CXR was divided into six regions (upper, middle and lower zones in both right and left lungs) on the basis of the anatomical structures on CXR. For a total of 960 regions, ten readers rated their confidence for the presence or absence of lung lesion in each region using a 5-grade scale: 1, definite normal; 2, probable normal; 3, indeterminate (clinical observation is recommended); 4, probable positive lesion; and 5, definite positive lesion. In the first reading session, CXRs alone were displayed in a full-scale and interpreted by the readers. In the second reading session, two chest radiographs (CXR with BSI) were displayed in a fullscale and side by side and interpreted by the readers. A single investigator measured the size of small lung nodules and nodular lung cancers on chest radiographs using PACS software. In the case of multiple metastases, the size of the largest nodule in each region was measured.
Statistical analysis
The characteristics of patients between two groups were compared using independent t-test and Pearson's χ 2 test. Confidence levels of grade 3-5 were considered as deciding the presence of a positive lung lesion at each region. The statistical significance of the difference in the values of the area under the receiver operating characteristic (ROC) curve (AUC) between two reading sessions (CXR vs. CXR with BSI) was tested by use of the Dorfman-Berbaum-Metz method, 28,29 which included multireader, multicase and multilocation variation by means of an analysis of variance approach (DBM MRMC, version 2.2; http:// rocweb.bsd.uchicago.edu/MetzROC). The AUC values for each subgroup with respect to the subtlety scores were calculated and compared using Obuchowski method, in which the control groups with negative chest radiographs were used equally when calculating the AUC values. General estimation equations were used for comparisons of per-region detection rate to take multiple lung lesions per regions into account between two reading sessions.
To assess the effect of BSI on reader confidence in diagnosing the presence or absence of pulmonary lesions, we compared the confidence grade between two reading sessions using Wilcoxon signed-rank test. The complete data on diagnostic confidence was presented on heat maps. 30 SAS version 9.4 (SAS Institute, Cary, NC, USA) & R 3.4.2 was used to perform statistical comparisons and heat maps. A two-tailed parameter with a significance threshold of P < 0.05 was used.
Ethics statement
The present study protocol was reviewed and approved by the Institutional Review Board of Asan Medical Center (approval No. 2017-0197). Written informed consent to the use of CXR and CT images for research and publication was waived by the Institutional Review Board due to retrospective study design. Table 2 summarizes the baseline demographics and clinical characteristics of the study patients. The present study consisted of patients with early stage pneumonia (n = 41 of 80 patients, 51.3%), multiple metastasis (n = 19, 23.8%), small solitary lung nodule (n = 5, 6.3%), nodular lung cancer (n = 9, 11.3%), and non-tuberculous mycobacterial infection or pulmonary tuberculosis (NTM/TB) (n = 6, 7.5%). Table 2 also shows the detailed number of positive lung regions with respect to the location and subtlety scores. The mean sizes ± standard deviation (SD) of solitary lung nodules and nodular lung cancers were 9.4 ± 3.9 mm and 24.0 ± 4.6 mm, respectively. The mean sizes ± SD of metastatic nodules were 8.0 ± 3.9 mm.
RESULTS

Clinical characteristics of the study population
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Diagnostic performance
The mean AUC value per region for all readers significantly increased in detecting subtle lung lesions between two sessions (CXR alone vs. CXR with BSI; 0.663 vs. 0.706; P < 0.001) ( Fig. 1 and Table 3 ). The less experienced the readers were, the more AUC differences between the two sessions increased: the mean AUC differences were 0.067 (P < 0.001) for junior radiology residents; 0.064 (P < 0.001) for non-radiology clinicians; 0.044 (P < 0.001) for senior radiology residents; and 0.019 (P = 0.041) for chest radiologists. The per-regional detection rates of each disease are summarized in Fig. 2 . The per-regional detection rates were significantly increased in early stage pneumonia (36.3% vs. 43.3%; P < 0.001), metastasis (31.7% vs. 41.8%; P < 0.001), and NTM/TB (46.9% vs. 57.7%; P = 0.004) between two sessions ( Figs. 3 and 4) . With BSI, the per-regional detection rates of small lung nodules (32.0% vs. 46.0%; P = 0.052) and nodular lung cancer (55.6% vs. 62.2%; P = 0.083) slightly increased but not significantly. Table 4 summarizes the results of subgroup analysis of AUC value with respect to the location and subtlety scores of lung lesion: the mean AUC value significantly increased between two sessions (CXR alone vs. CXR with BSI) regardless of the location of lung lesion (all P < 0.05); and the AUC difference between two sessions was the highest in the subtlety score = 1 (0.054), followed by the subtlety score = 2 (0.037) and the subtlety score = 3 (0.036). In the present study, there was no significant difference in the mean false positive rates for 10 readers between two sessions (CXR alone vs. CXR with BSI; 6.6% [95% CI, 6.1%-7.2%] vs. 6.4% [95% CI, 5.8%-6.9%]; P = 0.376).
Diagnostic confidence
The confidence level regarding the presence or absence of subtle lung lesions are summarized in Table 5 . The mean confidence regarding the presence of subtle lung lesions significantly improved between session 1 and 2 for 213 positive lung regions (2.083 vs. 2.357; P < 0.001) and for 747 negative regions (1.217 vs. 1.195; P = 0.008). All data regarding diagnostic confidence are illustrated in heat maps with clustering ( Fig. 5) . For positive lung regions, higher confidence grades (i.e., red color) increased and indeterminate or lower confidence grades (i.e., orange or yellow color) decreased in positive lung regions when 6/14 https://jkms.org https://doi.org/10.3346/jkms.2019.34.e250 adding BSI to CXR. For negative lung regions, heat map also showed some color changes. The clustered difference map illustrated the switching of readers' confidence according to the use of additional BSI. Readers converted the confidence rating in the direction of increased confidence (i.e., blue color) in the positive lung regions, while in the negative lung regions, the pattern of these changes was not noticeable. In Fig. 5A and B , the dendrogram along the x-axis showed that there was major separation between two groups of readers and by looking at the colors, one can see that one group (Group A) represented the high degree of readers' confidence and another group (Group B) represented the relatively lower degree of readers' confidence in the positive lung regions. Fig. 5A showed that each group consisted of the same number of readers when using CXR alone and the heights of the arms of the dendrograms at each group are relatively different. However, when using CXR with BSI ( Fig. 5B) , as the 7/14 https://jkms.org https://doi.org/10.3346/jkms.2019.34.e250 readers' confidence increased, most of readers were grouped into one large group (Group B) except for 3 readers who had the highest confidence and the difference in the height of the arm of the dendrograms between readers was reduced. In the negative lung regions, the dendrograms showed a similar pattern to the positive lung regions, but the difference in the heights of the arms of the dendrograms between readers was slightly reduced when using CXR with BSI.
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DISCUSSION
In the present study, we evaluated the diagnostic performance of readers with different levels of experience in detecting subtle lung lesion on CXR when using additional BSI. The level of experience of readers is one main factor affecting the results in the observer 8/14 https://jkms.org https://doi.org/10.3346/jkms.2019.34.e250 test. 31 -33 Li et al. 23 reported that regardless of readers, the diagnostic performance in the detection of lung nodule was significantly improved by the use of BSI. In the present study, the use of BSI significantly improved the pre-regional diagnostic performance of all reader groups in the detection of subtle lung lesions. The non-radiology clinician, junior and senior radiology resident groups were inferior to chest radiologists in detecting subtle lung lesions using CXR alone. The additional use of BSI was particularly effective in increasing the diagnostic performance of non-radiology clinicians and radiology resident groups, and consequently reduced the inter-reader difference in identifying positive lung regions. In the senior radiology resident group, the per-regional diagnostic performance was improved close to that of chest radiologist group when using the additional BSI. These results could be worthwhile in that CXR is an imaging test used by various clinicians with different experience levels in the ED. Therefore, our study indicates that the addition of BSI to CXR could provide a good method to reduce the impact of the clinicians' experience level, which can be helpful for clinicians with less experience and residents to rapidly identify patients with subtle lung lesions and early stage disease who should start treatment in the ED.
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Our current study showed that the addition of BSI to CXR increased diagnostic confidence and decreases confidence variability among readers when interpreting positive lung lesions. The heat maps shown in the present study illustrated that the addition of BSI to CXR increased red color in the positive lung regions, whereas BSI decreased yellow color (i.e., less definite decision) or orange color (i.e., indeterminate decision) in positive lung regions. The clustered difference map summarized this effect of the use of additional BSI on the readers' confidence level at a glance. This result suggested that the use of BSI shifts the readers' interpretation of the positive lung regions toward a high level of confidence. The dendrograms pattern represents a hierarchy of associations where the mathematical distance between groups is illustrated as the short or long arm (i.e., high association between groups or relatively distant association between groups). Therefore, the grouping on the dendrogram does not indicate that the readers were correct but that they agree with each other. In the 9/14 https://jkms.org https://doi.org/10.3346/jkms.2019.34.e250 .001 Data are mean confidence scores using 5 scales (1: definite normal; 2: probable normal; 3: indeterminate; 4: probable positive lesion; and 5: definite positive lesion). Group 1 = chest radiologists; Group 2 = non-radiology clinicians; Group 3 = senior radiology residents; and Group 4 = junior radiology residents. CXR = standard chest radiographs, BSI = bone suppression image.
present study, using additional BSI grouped most readers into one large group and reduced the difference in the height of the arm of the dendrograms between readers in positive lung regions, which means that the readers with different experience levels had more similarity (i.e., the increased association between readers). In our study, the use of BSI increased the mean confidence level in the negative lung regions but had a small effect on the distance of the association between readers. There was no difference in the mean false positive rates between two reading sessions (BSI alone vs. CXR with BSI) in the present study. However, the use of BSI has the potential risk of causing misinterpretation of normal structures as abnormal lesions because bone subtraction increases the prominence of focal scars and normal vascular structures. We think that this issue seems not to be resolved considering the difficulty in calculating the potential risk of the misinterpretation because it is influenced by the reader's expertise and it takes a long time for the reader to know the limitations of the new technology and to distinguish artificial findings from real lesions. In summary, an overall increase in diagnostic confidence and a reduction in the variability of the readers' On the heat maps, each grid element at the intersection of rows and columns represents the degree of diagnostic confidence of each reader (column) for each corresponding region (row). From yellow to red, each color corresponds to a confidence level of 1 to 5 levels. In the case of positive lungs, the lattice elements become increasingly confident as they move from yellow to red color. In negative lungs, confidence increases in the opposite direction. Orange color means an indeterminate decision. To show the distribution of colors at a glance, the difference maps are fixed along the x axis and clustered along the y axis. At the clustered difference maps, blue color indicates that the readers' confidence is switched toward the high level in both the positive and negative lung regions, whereas red color indicates the opposite direction.CXR = standard chest radiographs, BSI = bone suppression image.
confidence may be important for clinicians and residents in rapidly deciding whether to perform additional work-up or start treatment in ED patients with subtle lung lesions.
Our study included five types of subtle lung lesions commonly encountered in the ED. Pneumonia with faint focal or patchy opacities can be easily missed on CXR, even for experienced radiologists and non-radiology clinicians. Ojutiku et al. 7 reported the only 29 of 60 pneumonia (48%) was detected by radiology residents. Consistent with the previous study, 20 our study showed that the detection rate of early stage pneumonia significantly increased by the use of BSI. Unlike the previous study with focal nodular pneumonia mimicking a nodular lung cancer, 20 our study included 12 patients with atypical pneumonia seen as multifocal ground-glass opacity on chest CT. Therefore, it is likely to be effective in the diagnosis of various diseases (e.g., lung contusion and blood aspiration) with CT findings similar to atypical pneumonia. Our study also showed that the detection rates of metastatic nodules and NTM/TB significantly increased by the use of BSI. However, unlike previous studies, 15,16,19,22 -24,26 the per-regional detection rates of small nodules and nodular lung cancers in our study did not increase with the use of BSI, probably due to the insufficient number of cases. This explanation is reasonable considering that the use of BSI significantly increased the per-regional detection rate of metastatic nodules, although metastatic nodules are generally smaller than nodular lung cancer.
In the present study, we anticipated that using BSI could be useful in detecting early stage lung lesions and assumed that early stage lung lesions generally manifest as subtle lung lesions (low density and/or small size of lesions) on the chest radiographs. The interesting finding in the subgroup analysis was that the efficacy of BSI varied depending on the subtlety scores. As our expectation, the additional use of BSI had much greater impact on the detection of lung lesions with a lower subtlety score more than the detection of lesions with a higher subtlety score. Bone suppression images are expected to be most useful in detecting the lesions in bilateral upper lung fields because they can be easily obscured by the clavicles and upper ribs. It is well-known that missed lung cancer is mostly located in the upper lobes. 34 However, in the present study, there was no difference in detecting lung lesions according to the location of the lesions. This may be due to the lack of a sufficient number of suitable cases (i.e., lung lesions in upper lung fields obscured by the bony structures) to prove this assumption in our study. In our study, pneumonia accounted for the largest portion of the study group, followed by metastasis. Pneumonia can occur anywhere but is sometimes gravity dependent and depends on the person's position. The metastasis has peripheral distribution and lower lung predominance due to the prolonged transit time in the peripheral lung and the relative basilar overperfusion. Lung cancer accounted for a relatively small portion of the present study. Therefore, further studies that include enough suitable cases located in the upper lung fields are necessary to improve our assumption.
To date, dual energy subtraction techniques (DES) have been a standard method to generate bone suppression images. 15,16,23,26 However, DES technique has some disadvantages like a small potential increase in radiation dose, misregistration artifact due to respiration motion and low signal-to-nose ratio. In the case of post-processing software based on machine learning, the technical efficacy of programs in generating BSI in various clinical settings remains unclear, even though it has provided similar images to BSI generated by DES techniques. The deep learning-based software program of this study is expected to increase the efficiency, reproducibility, and coverage of the software in generating BSI and be more applicable to the various clinical settings than the pre-existing software programs. We think 11/14 https://jkms.org https://doi.org/10.3346/jkms.2019.34.e250
that the efficacy of these software programs in generating BSI in the various clinical settings is an important issue that requires further research.
Our study had several limitations of note. Its retrospective design may have introduced selection bias, as the study population consisted of selected cases under controlled conditions. Our study did not include all subtle lung lesions encountered in the emergency department because the observer performance study is affected by the limited diagnostic ability of imaging modality (i.e. chest radiographs) compared with that of chest CT. However, this is an inevitable bias in the observer performance study using the imaging modality with limited diagnostic ability. The readers' performance of BSI largely depends on the prevalence of bone-overlapped subtle lung lesions. Our case-control study cannot reflect a real-world prevalence of these lung lesions in emergency patients. In addition, we did not evaluate the efficiency and coverage of the commercial software to successfully generate BSI in various clinical settings. Therefore, the general application of this technique in the ED needs further validation at other institutions. Second, the sequential presentation of images in our study may have introduced bias based on the assumption that the CXR plus BSI would be superior to CXR alone. However, the sequential presentation of images should not be a problem since this type of previous research had no significant benefit in detection accuracy. 23 In addition, the lungs were divided into six regions and each lesion was evaluated. This research design may have introduced bias in that the evaluation of one region may affect the assessment of other regions. However, Li's study 23 showed consistent results when independent scoring of each lung, even if some degree of correlation between the pairs of lungs exists.
In conclusion, we showed that the use of BSI increases diagnostic performance and confidence, regardless of reader's expertise. It also reduces the impact of reader's expertise and can be helpful for less experienced clinicians and residents in the detection of subtle lung lesions that can be frequently seen in the emergency department.
